ABSTRACT. The design of active TMD for multi-degree-of-freedom systems subjected to second order coloured noise excitation is considered using the linear quadratic optimal theory. A detailed numerical study is carried out for a 2-DOF system. It is shown that the effectiveness of active TMD is better than the one of passive TMD.
Introduction
Under environmental loading structures and machines may produce large undesired vibrations, which can reflect into their quality and durability. The use of tuned mass dampers (TMDs) helps to reduce the undesired vibrations in the primary systems. The passive TMDs [1-6] can only store or dissipate vibration energy, hence their application to the reduction of undesired vibrations is limited. This disadvantage of passive TMDs can be improved by applying to the passive TMDs an actuator force. In this case passive TMD becomes active TMD [7] [8] [9] [10] [11] , which can change the system energy. In the paper [6] the design of optimal passive TMD for MDOF systems subjected to the second order coloured noise excitation has been investigated in order to minimize the sum of response mean square components of the primary system with a given ranking priority. In this paper an active TMD is considered based on the designed passive TMD. The main problem is to determine the optimal control force applied to the passive TMD.
Second order coloured noise excitation
The second order coloured noise process p(t) is considered as a stationary response of the following filter of white ' . noise
where h, fl,(]" are positive constants, ~(t) is the stationary Gaussian white noise process with unit intensity. The spectral density function of p(t) is defined as
It is shown in [6] that the class of second order coloured noise processes (2.1) contains the white noise as well as narrow band processes.
Optimal active TMD
The primary system consists of n mass m 1 , m 2 , .. . , mn put succeed one to another, each has its stiffness and damping coefficients denoted subsequently as k 1 , k 2 , . . . , kn; c1 , c2 , . . . , Cn. The system is subjected to a ground excitation modeled by a second order coloured noise p(t) , (2.1) . To suppress undesired large vibrations of the primary system, an optimal TMD of mass mo is connected to the mass mn (see Fig. l ). Suppose that the optimal values ko , co of the TMD are known according to the selection procedure proposed in [6] . The passive TMD will become an active TMD if a control actuator force u(t) based on the mass mn is applied to the passive TMD . The design problem of optimal active TMD is how to determine the optimal control force u(t) .
The equations of motion for the system with active TMD are described in the system of linear differential equations as follow 
The base excitation force vector is
The gain vector of control force is
Introduce the vector of state variables
The equation of motion (3 .1) can be rewritten in state variables as following (3 .6) where the matrices A(2n+2) x( 2 n+2) ' H (2n+2) x(n+1) , vector B(2n+2)xl take the form where
Here, wi, ~i are the natural frequency, damping ratio of the separate mass mi , respectively. The effectiveness of TMD again undesired vibrations can be improved by an adequate control force acting on the TMD . The objective of the study is how to define the optimal control force u(t), which depends on the chosen control objectives. In the paper the following performance index of control is minimized (3.8) where tn is control time, Q is a semi-positive weighting matrix, (3 is a non-negative value.
To solve the optimal control problem (3 .8) subjected to the constrains represented by (3.6) one introduces firstly the Hamilton function with Lagrangian multiplier vector .\(t)
The necessary conditions for optimality are determined by the following equations
Substituting (3.9) into (3 .10) yields to differential equations
and the relation between the optimal control force and Lagrangian multiplier vector
(3 .13)
Using the feedback information on the system response >-(t) = Sz(t) , (3 .14) one can express the control force u(t) in terms of system response (3.15) where the matrix S ( t) satisfies the Ricca ti equation
Hence, the required control force u(t) is determined by (3.15) . The control system response is to be found from the systems of differential equations (3 .17)
Example of 2 DOF system
In this section we investigate in more detail the effectiveness of active TMD for two-degreeof-freedom systems using numerical method. A model of 2-DOF system with active TMD is considered in Fig. 2 . The active tuned mass damper mo here is connected to m ass m 2 by a spring ko , a damper co and an applied control force u(t).
The corresponding system of motion is given as follows
µ2 µ2 where S is Riccati matrix, G is gain matrix.
(4 .9)
T he control force is where \x6i), \x~il' \x~il are the mean squares of Xi (i = 1(1)2) in three cases: without TMD, with passive TMD and with active TMD, respectively. These mean squares can be obtained by using equation system (4.1) to form following moment equations [4] ~ [! acp) ;
acp )] ; acp) ;
where ( ... ) is the mathematical expectation and the functions are selected as follow
Numerical calculated results are put into Table 1 . The mean squares of x 1 , x 2 , control force u(t) and base excitation force p(t) are calculated in three cases: without TMD, passive TMD and active TMD. The effectiveness of active TMD is much better than the one of passive TMD and the control force is smaller than base excitation force . In order to illust rate t he above calculated results, t he vibration of t he system is simulat ed using software SIMULINK in t hree cases: No TMD ; Opt imum passive TMD ; Optimum active TMD . The simulink diagram is described in F ig. 3 and F ig. 4. The simulation diagrams are shown in Fig. 5 and Fig. 6 . TMD is used these displacements are decreased about 80%. Therefore the application of active TMD here is better than the previous passive TMD [6] .
Canel usion
To reduce undesired vibration which can cause damage to machines, vehicles, structures one can use passive or active TMD. The design of active TMD has attracted a great attentions in recent years because it can change the system energy by producing actuator force. The paper presents a design of active TMD for a multi-degree-of-freedom system subjected to base excitation which is modeled as a second coloured noise process. Upon feedback control theory, one can carry out the necessary conditions for the optimum control force . Then numerical calculations such as simulation and solving the moment equations are investigated to an example of 2-DOF system which applied the control force to a given passive TMD. The result show that the effective of active TMD is better than passive TMD . The result can be applied to other multi-degree-of-freedom systems subjected to different excitations.
